We report an experimental demonstration of optical coherence tomography for transmissive objects utilizing second-order correlation ghost imaging with thermal light. To evaluate the longitudinal resolution of our system, the concept of the imaging longitudinal coherence length is introduced, which is more accurate for judging the image quality of ghost imaging with unequal optical paths than the conventional point-to-point longitudinal coherence length. Our work should help clarify our understanding of the longitudinal coherence of thermal light, as well as provide a scheme for performing optical coherence tomography on objects that are not highly reflective.
INTRODUCTION
Ghost imaging (GI) with thermal light has attracted much attention in recent years. In this technique, imaging is achieved using the second-order correlation of light. The thermal source is divided into two identical beams, one of which contains an object and a "bucket" detector which measures the total light intensity without spatial resolution, and the other arm contains an array detector called the reference detector. Through second-order correlation of the signals on the two detectors, we can obtain an image of the object. Although GI was first realized with entangled light [1] , thermal light GI seems to be more convenient in practical applications [2] [3] [4] [5] [6] [7] [8] [9] . One useful application of thermal light GI is optical coherence tomography (OCT), which is closely related to the longitudinal coherence length of thermal light [10] .
In standard lensless thermal GI, the distances from the source to the object and the reference detector must be equal. When the object is moved away from the exact imaging position, whether the imaging can be achieved has been a subject of debate [11, 12] . To solve this problem, the longitudinal coherence length, which is an intrinsic property of the source, has been derived by some groups [13, 14] . If the difference in the lengths of the two arms is less than the longitudinal coherence length, the object can still be imaged clearly, while if the object is too far away from the exact position, the image will be blurred. Utilizing this property we can realize GI OCT. Various experiments on OCT based on second-order correlation with entangled light as the source have been reported [15] [16] [17] , but the target objects were reflective, as in conventional OCT setups [18, 19] . However, when observing weak reflecting objects or using light sources with high penetration such as X-rays, detecting reflected light is difficult. In this paper, we report an experiment on OCT with a thermal source.
Different from conventional OCT setups, our experimental object is transmissive.
EXPERIMENT AND RESULTS
The transmission thermal OCT setup is sketched in Fig. 1 . A pseudothermal light source with random speckles is formed by an He-Ne laser beam illuminating a slowly rotating ground glass disk and then divided by a 1∶1 beamsplitter into two arms, called the object and reference arms. In the former, the light is incident on a series of objects one by one, and then detected by a bucket detector D b , which collects all the light without spatial resolution. In the other arm, the light propagates freely and is detected by a reference detector D a with spatial resolution. As the ground glass disk rotates, the speckles generated are randomly varied, which produces a random thermal field distribution. A total of N independent speckle patterns and corresponding bucket signals are detected. For simplicity, in Fig. 1 there are only two objects, the distances from which to the source are z 1 and z 2 , respectively. When the distance from D a to the source z 0 equals z 1 or z 2 , we can image object 1 or object 2 clearly through the normalized second-order correlation of signals on the two detectors g 2 x a ; y a hI a x a ; y a I b i hI a x a ; y a ihI b i ;
where I b is the intensity on bucket detector D b , and I a x a ; y a are the intensities of points x a ; y a on reference detector D a . The brackets h…i denote averaging over the N measurement times. Here D b is used to collect the intensity of light passing through the two objects, while D a is used to detect the intensity distribution of light on the plane of the object to be imaged. When the two objects are sufficiently far apart, then they will not mutually affect the other's image and we can obtain the OCT images of both objects by merely changing the position of reference detector D a .
In the experiment, we adopt the concept of imaginary or virtual objects [20] in which the bucket detector path does not contain any real objects, but we imagine that there are two objects at the positions z 1 and z 2 away from the source. They are then imaged by applying the object transmission function to the detector pixel array through postprocessing of the data. The intensity distributions are measured by two spatially resolving detectors, D1 and D2, positioned as shown in Fig. 2 . The field distributions in the two arms on planes at the same distance from the source are identical, so instead of moving detector D1 to z 2 in the reference arm, we can put another detector D2 at the position z 2 of object 2 in the other arm, and take the measurement there. The reference signal is thus measured directly, while the bucket signal is calculated through subtraction of the intensities of the two imaginary objects from the detector array data, then summing over the whole. The objects in our experiment are transparent except for an opaque rectangle at different positions, as shown in Fig. 3 . We suppose that the intensity distributions on the two detectors, D1 and D2, are I 1 x 1 ; y 1 and I 2 x 2 ; y 2 , and the total intensities are I T1 P x 1 ;y 1 I 1 x 1 ; y 1 and I T2 P x 2 ;y 2 I 2 x 2 ; y 2 , respectively. The intensities blocked by the two imaginary objects can be obtained by summing the intensities of the points in the corresponding area, denoted by O 1 and O 2 , respectively. For object 1, detector D1 records the intensity distribution on its plane, which gives the reference signal. The bucket signal can be obtained by subtracting the blocked intensity of both objects from the total intensity I T1 . Thus we have I a x a ; y a I 1 x 1 ; y 1
Similarly, for object 2, we have I a x a ; y a I 2 x 2 ; y 2
Since the light on the two detectors comes from the same source, after propagating through the 50 ∕ 50 beamsplitter, we have I T1 I T2 I T , assuming that the areas of D1 and D2 are large enough. Thus from Eqs. (1) and (2) or Eqs. (1) and (3), we can image object 1 or object 2, respectively, by selecting the corresponding detector signal as the reference signal while using the same bucket signal. To image real objects, this reference signal selection is realized by changing the location of the reference detector. It must be emphasized that although there are two spatially resolving detectors, one of them is just used to "calculate" the bucket signal I b , which should be measured directly with a bucket detector when using a real object. It can be seen that with the imaginary objects setup in Fig. 2 , we can simulate the condition of real objects exactly. In the experiment, z 2 24 cm is fixed and z 1 varied from 24 cm to 16 cm. The areas of the blocked parts of the imaginary objects are both 2.3 mm × 0.4 mm. At each value of z 1 , 5000 independent random speckle patterns in the two arms are recorded by two spatially resolving detectors (charge coupled devices in our experiment). For better quality, images of the objects are obtained by means of complementary GI, which is performed as below. Different from ordinary data processing using Eq. (1), which gives the image of the original object, an image with opposite gray scale contrast of the original object can be obtained by complementary GI.
In common OCT experiments, most objects are weakly absorbing or reflecting. It is well known that the larger the object area, the lower the GI visibility will be. With weakly absorbing objects, clear imaging is difficult. To solve this problem, in the data processing we change I b to I 0 b , where I 0 b P I a − I b and denotes the intensity of the light blocked by the object. It is just as if we are imaging the complementary object (equivalent to taking a negative image), the transmission function of which is tx; y 0 1 − tx; y, where tx; y is the transmission function of the original object. For a weakly absorbing object, its complement will be a weakly transmitting object. Both the visibility and the signal-to-noise ratio of the image will be enhanced dramatically [21] . Here P I a P I 1 P I 2 I T , and
The complementary image of object 1 is obtained as
Similarly, the complementary image of object 2 can be obtained as 
Again, in imaging complementary images, the bucket signal remains the same although the reference signals are different.
The experimental results are plotted in Fig. 4 . In each row, the left panel shows the actual two-dimensional (2D) ghost images obtained, while the right panel illustrates the horizontal profiles of the images, obtained by averaging along the length of the rectangular image. In Fig. 4(a1) , z 1 z 2 24 cm implies that the two objects are located at the same distance from the source. Therefore, the two objects are both imaged perfectly, and the visibilities are almost the same [ Fig. 4(b1) ]. Note that since we performed complementary GI, the images are two bright rectangular areas. As the distance from object 1 to the source becomes shorter, the image of object 1 becomes gradually more and more blurred [Figs. 4(a2)-4(a3) ]. At the same time, the visibility of object 1 becomes worse [Figs. 4(b2) and 4(b3) ]. As the difference of the distances from the two detectors (objects) to the source becomes even larger, the image of object 1 becomes completely blurred and can no longer be distinguished [Figs. 4(a4) and 4(a5)], with the visibility being extremely low [Figs. 4(b4) and 4(b5)]. In the whole process, the quality of the images of object 2 remains the same. Similarly, when the difference of the distances from the two detectors (objects) to the source is sufficiently large, we can image object 1 without being influenced by object 2 through correlating the bucket signal with the signal on detector 1, as plotted in Fig. 5 .
THEORY AND DISCUSSION
Now let us analyze how OCT is achieved. For simplicity, we consider the one-dimensional (1D) situation. From Eqs. (4) and (5), in OCT we calculate the value of
where I n is the intensity distribution on the reference detector. It is just the superposition of the individual ghost images of two objects, which have different qualities because of their different longitudinal positions. Therefore, by investigating the quality of GI with unequal optical paths for a single object, we can obtain the imaging quality of this object in the OCT result. Ghost imaging is obtained by the second-order correlation of light in the two arms. The degree of correlation of two points is measured by the conventional second-order correlation function, as mentioned above. From Eq. (1), for the 1D case, we can write [13] 
where I 1 x 1 , I 2 x 2 are the intensities of the fields on two points located at distances z 1 and z 2 from the source, respectively, with Δz z 1 − z 2 being the difference in length of the two arms, and Δx x 1 − x 2 being the distance between two points in the transverse direction. As the function g 2 Δz Δx describes the second-order correlation of light on two points in the field, it can be called the point-to-point second-order correlation function. In GI, we need the correlation between the light at a point on the reference detector and the total intensity at the bucket detector, which is the sum of many points. We can define the imaging second-order correlation function to be
where I b and I a x a are the intensities of the light on the bucket detector and reference detector, located at distances z 1 and z 2 away from the source, respectively. The integral is performed over the entire object, which here is of length (area, in the case of a 2D object) S obj . Here we assume the intensity in the object region is uniform in the ensemble average. From Eq. (8) we can see that the imaging result is related to, but different from the point-to-point second-order correlation function g 2 Δz Δx within the object area. If the two arms have the same length, the fields on the two detectors are identical. For completely incoherent light, g 2 0 Δx will be a δ-function. For partially coherent light with a circular beam shape, the point-to-point second-order correlation function can be written approximately as the function of a sinc function [22] 
where a 0 is a parameter inversely proportional to the transverse coherence length of the field. In this case, the maximum of g 2 0 Δx is 2, which occurs at Δx 0. However, if the two detectors are located at different distances away from the source, the maximum of the point-to-point second-order correlation function will be lower [13, 14] . An important property is [13] Z g
where Δz is the length difference of the two arms. To satisfy this property, we can write the point-to-point second-order correlation function as
where η ηΔz is a function of Δz and decreases as Δz becomes larger. It is clear that the maximum of g 2 Δz Δx is 1 η at Δx 0, and the width of the function is on the scale of 1 ∕ ηa 0 . From the plot of g 2 Δz Δx in Fig. 6 , it is clear that, when the maximum of the correlation function decreases, the width will become broader.
From Eq. (8), we see that the imaging second-order correlation is proportional to the integral of the point-to-point second-order correlation function over the object region, which is indicated by the vertical lines in Fig. 6 . As the difference in length of the two arms increases, the width of 
When the length difference reaches a certain value, the signal will be too weak to be distinguished. We can define the length difference which reduces g 2 image to half its maximum value (ignoring the background constant 1) as the imaging longitudinal coherence length. Different from the ordinary point-topoint longitudinal coherence length, this is used to evaluate the influence of a change in the longitudinal position on the image quality.
In Fig. 7 , the decrease of g 2 image x 0 with the decrease of the point-to-point second-order correlation g 2 Δz for different object sizes is plotted, in which x 0 is chosen as the midpoint of the object to obtain a largest value of the signal. We define γ S obj · a 0 as the ratio of the object size to the transverse coherence length of the field. Because the longitudinal length difference of the two arms affects the imaging quality by influencing the point-to-point second-order correlation, let us examine the relationship between g 2 Δz 0. As we can see, when the point-to-point secondorder correlation decreases, the GI signal will be reduced accordingly. For smaller objects (γ 1 and 2), g 2 image decreases rapidly as g 2 Δz decreases, while for larger objects (γ 3, 4, and 5), it begins to decrease significantly only when g 2 Δz reaches a certain value. This is because if the width of the point-to-point second-order correlation function in Fig. 6 is much narrower than the object, slight broadening has little effect on the result of integration. Only when the width is close to the size of the object does the signal reduction become obvious.
The critical values of g smaller; in other words, a larger difference in the two arm lengths is always needed for the signal to reduce to its fullwidth-half-maximum value. Therefore, the larger the object is, the longer the imaging longitudinal coherence length will be. Since the size of an object is always larger than a point, the imaging longitudinal coherence length will always be longer than the conventional longitudinal coherence length defined by the point-to-point second-order correlation. This can be seen from the fact that the critical value of g 2 Δz is always less than 1.5, which is the value when the difference in arm length is equal to the conventional longitudinal coherence length. In the case of unequal distances from the object and reference detector to the source, using the point-to-point longitudinal coherence length to judge whether the object can be imaged clearly is inaccurate, especially for large objects. For example, if the object size is five times as large as the transverse coherence length, we can image the object when g 2 Δz is down to even near 0.1. In this case, the imaging longitudinal coherence length can correctly describe the effect of unequal lengths of the two arms.
As can be seen from Eq. (6), the imaging quality of each object in GI transmission OCT is the same as that obtained by imaging each object individually. From the discussion above, the visibility of the imaging is determined by the path difference of the two arms. If the reference detector is at the same distance from the source as one of the objects, but sufficiently far away from the others, this object can be imaged without being influenced by the other objects. The imaging longitudinal coherence length determines the longitudinal resolution of the method. As has been discussed, for small objects the longitudinal resolution will be better. Therefore, this kind of OCT is suitable for imaging of weakly transmitting or weakly reflecting objects, because of the complementary GI scheme we use.
CONCLUSION
Optical coherence tomography based on the second-order correlation of thermal light has been demonstrated. Two transmitting objects located at different longitudinal positions can be distinguished by scanning the position of the reference detector, while using the same bucket signal. From a theoretical analysis we find that the imaging second-order correlation function has an important influence on the image quality of GI. To evaluate the longitudinal resolution of our OCT system, we introduce the concept of the imaging longitudinal coherence length based on the imaging second-order correlation function, which is more accurate in judging the image quality of GI with unequal beam arms than the conventional point-topoint longitudinal coherence length.
Although in GI the image is not directly recorded on a detector but needs data processing involving N random field patterns, the rate of generation of the N random patterns can be increased by using faster rotation of the ground glass disk and high-speed electronics, which are both technically feasible. Our setup has several advantages. First, GI systems are very robust as they do not have the problem of phase instabilities that plague Michelson OCT. Second, the targets in our system may be transmissive; thus more applications are possible in low reflecting object OCT and X-ray OCT. Third, it is known that GI has the unique capability of imaging an object even when there is a turbulent or scattering medium in the object light path [23, 24] . We can expect GI OCT to have many future applications in medical and biological imaging.
